It was in the 1980s that Selley (1987) drew attention to the high shale gas potential of organic-rich shales in the UK (Selley 1987 (Selley , 2005 Smith 1995) . He suggested that the most prospective candidates were the Lower Carboniferous basins in northern Britain. Concerted exploration with a view to exploitation was never seriously considered until 20 years or so later, when horizontal drilling and hydraulic fracturing revolutionized unconventional gas production in the USA and directly led to the rapid emergence of the shale gas industry (Curtis 2002; Bowker 2007; Pollastro 2007) . Indeed, it was after the UK's 13th Onshore Licensing Round in 2008 that companies and government made a concerted effort in shale gas assessment and exploration (DECC 2011) . USEIA (2011) evaluated that the Bowland Shale system possesses a risked GIP of 95 trillion cubic feet (tcf) and made a risked recoverable resource estimate of 19 tcf. Gas-in-place has been estimated by the British Geological Survey (BGS) to lie in the range 822-2281 tcf (Andrews 2013) . Known as a conventional source rock in the Bowland Basin and elsewhere in northern England (Lawrence et al. 1987) , the Carboniferous Bowland Shale is also the prime shale gas target in the UK (Smith et al. 2010; Selley 2012) . The first UK shale gas well (Preese Hall No. 1), drilled by Cuadrilla Resources in 2010, targeted the play as having the highest shale gas potential in the country (Green et al. 2012) .
The integration of outcrop, well and seismic data has shown that the Bowland Shale can be divided into lower and upper parts. The upper Bowland Shale is thinner but possesses a higher organic matter content and exhibits better lateral continuity than the lower part (Andrews 2013) . The organic-rich upper part of the Bowland Shale is hemi-pelagic in origin and is dominated by clay-rich mudstone intercalated with very thin calcareous mudstones (Chisholm et al. 1988) . The average thickness of this formation is 150 m (locally reaching 890 m). The upper Bowland Shale, the focus of the current investigation, was deposited in several adjoining basins (Widmerpool Gulf, North Staffordshire Basin, Edale Basin, etc.) separated by the emergent East Midlands Shelf (Fig. 1) . The lower shale layer (age from late Chadian to Brigantian), which was interbedded with mass-flow limestones and sandstones (Waters et al. 2009) , is considerably thicker, reaching 3000 m in its depocentres (Andrews 2013) . The sedimentology and structural geology of the Bowland Shale have been studied by many researchers (Lawrence et al. 1987; Barrett 1988; Leeder 1988; Fraser & Gawthorpe 2003; Waters et al. 2009 ). Biomarkers and stable carbon isotopes have established likely precursor biota of the organic matter (Ewbank et al. 1993; Armstrong et al. 1997) . Also, Könitzer et al. (2014) have used total organic carbon (TOC) and carbon isotope composition to differentiate various depositional environments vertically.
The mass of in-place gas can be evaluated using a combination of forward (including kinetic) and inverse (including mass-balance) modelling. Because shales are extremely heterogeneous (Jarvie et al. 2007) , both laterally (tens to hundreds of kilometres) and vertically (metres to decimetres), the exploration equation has to be applied at appropriate intervals for regional-and reservoirscale applications. The degree to which the in situ potential can be realized (trr) is mainly determined by the effectiveness of hydraulic fracturing at test sites.
To date, mainly inverse modelling has been applied to the Bowland Shale; thus, its shale gas potential (Selley 2005 (Selley , 2012 Smith et al. 2010; Raji 2013 ) and total energy resource potential (DECC 2011; USEIA 2011; Andrews 2013; Hough & Vane 2014) have been calculated using basic geochemical data, including TOC and Rock-Eval. Gross et al. (2014) concluded that the high average TOC content and large thicknesses of the mudstone lithofacies point to a significant shale gas and liquid potential in areas with appropriate maturity (1.2-3.5% R o ), but a relatively low average hydrogen index (HI) and high clay content may be seen as detrimental to shale gas potential. Concerning trr, de Pater & Baisch (2011), Green et al. (2012) and Imber et al. (2014) have recently documented the orientation of fractures in the Bowland Shale and evaluated the formation's frackability (the ease with which the rock can be fractured) using rock mechanical experiments and seismic data. The Bowland Shale consists mainly of impermeable, brittle rock (varying according mineralogy), with many faults and fractures. The maximum horizontal stress orientation of 8°NNW agrees with the regional stress distribution.
Little or no kinetics-related work has been published on the Bowland Shale, neither on 'conversion' using bulk kinetics nor on 'per cent gas' using compositional kinetics or physical property prediction, as a function of organic matter type and/or facies (see exploration equation). Kinetics models basically describe the 'ease' with which the substituents in the kerogen break down to form hydrocarbons via assumed pseudoreactions Burnham et al. 1988; Schenk et al. 1997) . Utilizing specific kinetic parameters for the target shale is imperative whenever possible (Dieckmann & Keym 2006; Peters et al. 2006) . Compositional kinetics provides compositional information on the generated fluids; surface gas-oil ratio (GOR) and gas dryness prediction are of great importance, because both of them have a major influence on the quality of the produced oil and gas. The PhaseKinetics model characterizes the compositional evolution of the fluids generated with increasing thermal stress, as well as the phase behaviour of the petroleum at different maturity levels (Di Primio & Horsfield 2006) . Predictions of bulk petroleum compositions and physical properties have already been published for basins in South Africa (Hartwig et al. 2012) , North Dakota (Kuhn et al. 2012 ), Norway (Rodrigues Duran et al. 2013 , eastern Canada (Baur et al. 2010 ), Brazil (Di Primio & Horsfield 2006 and China (Tan et al. 2013) , in several cases with confirmation of the prediction using local calibration. In the current study we employed the PhaseKinetics approach on both whole-rock samples and kerogen concentrates to predict the properties of fluids generated from Bowland Shale, also taking into consideration the impact of rock-fluid interactions (mineral matrix effects, considered to be laboratory artefects) on the results (see Espitalie et al. 1980; Horsfield & Douglas 1980) . The contribution of secondary gas at high levels of thermal stress, determined to be dominant in the majority of shale gas 'sweet spots' (Jarvie et al. 2007) , also needs to be qualitatively and quantitatively evaluated. The GOR-Fit model Mahlstedt et al. (2013) discriminates between primary gas, primary oil (both from kerogen breakdown) and secondary gas (from the breakdown of primary oil), and has been successfully applied to marine and lacustrine shales in Germany (Ziegs 2013 ). In the current study we employed the GOR-Fit kinetic model to predict secondary gas formation in the Bowland Shale.
Here, we have focused on the specific kinetic parameters themselves, utilizing a 1D basin model to demonstrate how fluid properties change as a function of organic maturity and reservoir conditions. We have then considered the evolution of expulsion mechanisms during different geological times, and considered the degree of secondary gas formation, comparing our model with default kinetics models derived from published studies in Petromod © .
Samples and analytical procedure

Samples
The shallow Carsington Dam Reconstruction C4 borehole (SK 244 503), which targeted upper Bowland Shale, was drilled in Derbyshire, northern England. Both hemi-pelagic marine shale and pro-deltaic turbiditesdeposited in deep-basin waterwere recognized using micropetrography and TOC-bulk δ 13 C org data (Könitzer et al. 2014) . Thick intervals of marine Bowland Shale are relatively homogeneous on a metre scale, whereas intervals of interbedded shales and turbiditic sandstones are relatively more heterogeneous, as revealed by petrophysical (Hough & Vane 2014) , geochemical (Gross et al. 2014) and lithological (Könitzer et al. 2014) properties. Three unweathered core shale samples as well as their kerogen concentrates from the marine part of the well were tested in this study. Thin-section observation and mineralogy had previously shown that samples 1 and 3 represent thin-bedded carbonate-bearing clay-rich mudstones and sample 2 is lenticular clay-dominated mudstone. All three samples have δ 13 C org values between −28.0 and −28.4‰, indicating that the kerogen is derived from marine planktonic algae, so the three samples are representative of the thick hemi-pelagic mudstones, the dominant lithofacies in the succession at Carsington ( Fig. 2 ; Könitzer et al. 2014) .
Analytical procedure
Kerogen isolation and screening
Kerogen concentrates were obtained by (1) crushing the shale to millimetre size, (2) treating with hydrofluoric acid for 1 week at room temperature and (3) sieving to 10-500 µm. TOC and RockEval analyses were performed using a Leco SC-632 Analyser and Rock-Eval 6 instrument respectively, following established procedures (Espitalié et al. 1977) .
PhaseKinetics (compositional kinetics)
The PhaseKinetics approach of Di Primio & Horsfield (2006) has four stages, as follows.
(1) Pyrolysis-gas chromatography (PyGC), providing a quick evaluation of the kerogen structure characteristics in terms of petroleum type organofacies, was performed using a Quantum MSSV-2 Thermal Analysis System® interfaced with an Agilent GC-6890A (Horsfield et al. 2015) . Briefly stated, milligram quantities (whole-rock 14-16 mg; kerogen 2-4 mg) of each sample were loaded into a small open glass tube and heated under flowing helium; free hydrocarbons were vented for 3 min during an isothermal purge at 300°C, after which the C 2+ pyrolysis products generated during heating from 300 to 600°C were collected in a cryogenic trap (liquid nitrogen). Methane passed through the trap and passed through the GC column to the Flame Ionisation Detector (FID).Trapped products were liberated by removing the cooling agent and heating the trap to 300°C. An AHP-Ultra 1 dimethylpolysiloxane capillary column (50 m length, inner diameter 0.32 mm, film thickness 0.52 mm) connected to an FID was used with helium as carrier gas. Quantification of single compounds and boiling range splits was conducted by external standardization with n-butane.
(2) Bulk kinetic parameters were assessed by subjecting samples to open-system, non-isothermal pyrolysis at four linear heating rates (0.7, 2, 5 and 15°C min −1 ) using a Source Rock Analyser® (SRA), following established procedures . The discrete activation energy (E a ) distribution optimization with a single, variable frequency factor (A) as well as geological extrapolation were performed using the KINETICS 2000® and KMOD® programs .
(3) Non-isothermal closed-system microscale sealed vessel (MSSV) pyrolysis ) is a micro-analytical method to artificially mature sedimentary organic matter to different stages of conversion and to quantify the composition of generated products. It provides the possibility of determining primary and secondary reaction kinetics of specific compound groups and to extrapolate their generation to geological heating rates (Horsfield et al. 2015) . For each experiment, milligram quantities of samples were sealed in glass capillaries and artificially matured at 0.7°C min −1 to temperatures corresponding to a transformation ratio (TR) of 10, 30, 50, 70 and 90% as defined by bulk kinetic results. The tubes were then cracked open using a piston device coupled with the injector, and the released products were swept into the GC system using a flow of helium. Quantification was performed by external standardization using n-butane.
(4) The final step consists of compositional kinetics determination and physical property modelling. The hydrocarbons generated during MSSV are divided into 14 pseudo-compositions. Seven of them are in the gas fraction (C 1 , C 2 , C 3 , i-C 4 , n-C 4 , i-C 5 , n-C 5 ) and the gas composition was corrected based on a GOR-gas-wetness correlation from natural black oil. The other seven compounds describe the liquid phase consisting of C 6 and pseudo-boiling ranges of C 7-15 , C 16-25 , C 26-35 , C 36-45 , C 46-55 and C 56-80 . According to the weight percentage of the 14 pseudo-compositions, each bulk kinetic potential that has the same activation energy was populated into 14 parts; these compositional kinetics models are then ready to be applied to basin modelling software (especially the IES PetroMod®, which has a module for inputting these), which makes this method very convenient. Physical property modelling was carried out using PVT-Sim® based on the 14 pseudo-compounds determined by MSSV. Standard temperature and pressure (STP) GOR was calculated through the separator simulator module in the software and phase envelopes were also drawn.
GOR-Fit
The GOR-Fit model based on open-system SRA and closed-system MSSV pyrolysis consists of three main steps (Mahlstedt et al. 2013) . In the first step, the MSSV generation of C 1-5 , C 6+ and the total C 1+ boiling fractions is normalized to the maximum MSSV yields. Because the normalized C 1+ MSSV yields curve and SRA-TR curves are identical (Schenk & Horsfield 1993 ) and only primary cracking takes place in the open-system the SRA pyrolysis, the primary oil and gas splines can be deduced from the SRA-TR curve by multiplying by an oil and gas ratio assumed fixed and derived from pyrolysis gas chromatography after a small temperature adjustment to fit the measured MSSV oil and gas generation curves better. The second step is to calculate the secondary gas amount by subtracting primary gas from measured MSSV oil yields at corresponding temperatures. A secondary gas spline is again approximated by 'factorizing' the SRA curve (using a factor derived from multiplication of the C 6+ spline factor by 0.7 assuming that 70% of C 6+ compounds are degraded to gas and 30% to coke), which is then temperature shifted to match calculated secondary gas yields. After obtaining the generation characteristics of primary oil, primary gas and secondary gas at three heating rates, the kinetics models and geological extrapolations were achieved by using KINETICS 2000® and KMOD® in the final step.
1D basin modelling
One-dimensional basin modelling was carried out on well Grove 3 of the East Midlands Shelf using IES PetroMod®2013. Lithology and depth inputs in the modelling came from the drilling, and stratigraphic ages were taken from Gradstein et al. (2004) and International Commission on Stratigraphy (Cohen et al. 2014) . A kerogen-oil-gas kinetics model with secondary reaction developed on kerogen 3 in this study was used as kinetics input. Two periods of uplift of the Bowland Shale, in the late Carboniferous/ early Permian and after the Late Cretaceous, have been recognized by Barrett (1988) and Leeder (1988) , and the heat flow model was modified after Jarvis & McKenzie (1980) . Calibration on vitrinite reflectance is in accordance with a BGS report, which also described 1D modelling on well Grove 3 (Andrews 2013).
Results and discussion
Primary generation
Here we compare the results for whole-rock samples with those for kerogen concentrates. Significant differences in composition are reported, the causes are discussed, and the ramifications for petroleum composition are outlined.
Whole-rock
All three whole-rock samples have TOC contents higher than 2% (Table 1) , fitting the minimum TOC requirement for shale gas development (Curtis 2002; Muntendam-Bos 2009 ), but the S 2 and HI values are low (Table 1) . Rock-Eval crossplots confirm that the three whole-rock samples generate and release pyrolysates with a type III composition (Fig. 3a) . Samples 1 and 3 are immature samples whereas sample 2 is marginally mature (Fig. 3b) .
In cases where analytical artefacts are excluded (e.g. mineralorganic interactions occurring during pyrolysis; Horsfield & Douglas 1980 ) the proportion of resolved and identifiable compounds in the GC trace reflects the kerogen structure as a whole (Larter 1984; Horsfield 1989) . Their GC traces show that the whole-rock samples analysed here tend to generate high percentages of low molecular weight compounds (C 1 -C 5 ) and high concentrations of aromatic compositions such as ethylbenzene, xylenes, trimethylbenzene and naphthalene (Fig. 4) . The average alkyl chain length distributions (Horsfield 1989 (Horsfield , 1997 of the pyrolysates from whole-rocks 1 and 3 are of the gas and condensate type whereas whole-rock 2 falls in the low wax paraffinic-naphthenic-aromatic (PNA) crude oil field (Fig. 5) . Two additional ternary diagrams were used to characterize the pyrolysate in terms of aromaticity, paraffinicity and either sulphur content (Eglinton et al. 1990) or phenol content (Larter 1984) . They clearly show that the whole-rock pyrolysate is very aromatic (Fig. 6a and b) ; sulphur-containing compounds and phenols are in low abundance ( Fig. 6a and b) .
As far as thermal response is concerned, whole-rock Bowland Shales have peak activation energies between 55 and 57 kcal mol −1 and frequency factors exceed 2.85 × 10 14 (Fig. 7) . Applying these values to natural maturation using a typical geological heating rate (3°C Ma −1 ), the whole-rock samples 1 and 3 reach 50% TR at about 150°C (Fig. 8) , whereas whole-rock sample 2 needs around 10° more to reach that TR. These kinetics characteristics of the whole-rock samples are unusual, in that the samples require higher temperatures for kerogen breakdown than most known Palaeozoic marine shales (e.g. Mahlstedt 2012).
Two compositional kinetics models for whole-rock samples are shown in Figure 9 . These were constructed by populating the bulk kinetic potentials with MSSV pyrolysis data (after Di Primio & Horsfield 2006) . Cumulative GORs in the surface environment of whole-rock samples are enhanced with increasing thermal maturation except for two slightly deviant values from samples 1 and 2 at 50% TR (Fig. 10) . The maximum GOR can be as high as 498 m 3 Sm −3 for sample 1 at 90% TR, which is very similar to the GOR behaviour of Arang coal (organic type III) of Indonesia (Di Primio & Horsfield 2006) . The pressure-temperature phase envelope for a multicomponent mixture gives the region of temperatures and pressures at which the mixture forms two phases. Generally speaking, the envelope in the temperature axis direction is controlled by molecular weight, whereas GOR and gas wetness control the pressure axis direction (Amyx et al. 1960 ). Phase GFZ: GeoForschungZentrum. S 1 : quantity of free hydrocarbons (gas + oil). S 2 : quantity of thermally generated (cracked) hydrocarbons. S 3 : quantity of CO 2 generated during pyrolysis of the sample. HI (hydrogen index)=(S 2 *100)/TOC. OI (oxygen index)=(S 3 *100)/TOC. PI (production index) = S 1 /(S 1 +S 2 )
envelopes of whole-rock sample 3 reflect the fact that the primary generated fluids are dominated by low molecular weight compounds (Fig. 11) . For a hypothetical reservoir at 100°C and 200 bar, the critical point of hydrocarbons accumulating up to 90% TR is very close to that reservoir condition, and the fluids can be termed volatile oil (McCain 1990) .
Kerogen
Although the three kerogen concentrates have different TOC contents and S 2 values (Table 1) , they share very similar HIs. With an HI range of 318-329 mg HC g −1 TOC the three kerogen concentrates are classified as type II (Fig. 3a) . The maturity indicator T max implies that the three kerogen concentrates are immature (Fig. 3b) . The pyrolysates of kerogen are dominated by normal alkanes or alkenes, and subsidiary aromatics and other resolved peaks are generated (Fig. 4) . All three concentrates fall in the low-wax PNA oil area (Fig. 5) , which indicates the typical characteristics of many marine shales (Horsfield 1997) . Figure 6 suggests that hydrocarbons generated by kerogen are richer in paraffinic compounds than aromatic ones. In addition, the sulphur content is also very low (Fig. 6a) .
Peak activation energies of the three kerogen concentrates are 51 kcal mol −1 and their frequency factors range from 1.54 × 10 13 to 2.42 × 10 13 (Fig. 7) . The geological extrapolation curves plot close together as regards TR variations according to temperature (Fig. 8) . The Bowland Shale kerogen generation kinetics is more stable than that of sulphur-rich marine shale (Dieckmann 2005) and closely resembles results reported for productive unconventional shale plays from the USA including Barnett Shale (Jarvie et al. 2010) , Bakken Shale (Kuhn et al. 2012) and Woodford Shale (Mahlstedt 2012) .
Owing to the limited amount of sample available, MSSV experiments were not carried out on kerogen 2. Compositional kinetics results of samples 1 and 3 show that about half of the hydrocarbons in peak generation (activation energies range between 50 and 54 kcal mol −1 ) are contributed by compounds between C 7 and C 25 and gases make up only small proportions of the total products (Fig. 9) .
Cumulative GOR variations as a function of increasing TR for kerogens 1 and 3 are closely similar (Fig. 10) . GOR increases steadily from less than 100 m 3 Sm −3 at 10% TR to about 200 m 3 Sm −3 at the highest TR, and this GOR variation pattern is very similar to those of the Woodford Shale and Kimmeridge Clay (Di Primio & Horsfield 2006 ). The cumulative hydrocarbon phase envelopes imply that fluids generated by Bowland kerogen concentrates are typical black oil (McCain 1990 ) and the systematic decrease in cricondentherms and increase in cricondenbars together with the shift of the critical point towards higher pressures and lower temperatures with increasing TR (Fig. 11) are consistent with pathways of critical point shifts of fluids from the Ekofisk, Eldfisk and Snorre Fields during maturation (Di Primio et al. 1998) .
Comparison and discussion
Clearly, there are significant compositional differences between the respective pyrolysates of whole-rock and kerogen concentrate pairs. The whole-rock samples show low HI values and are classified as containing type III organic matter, whereas the kerogen concentrates have higher HI and are classified as comprising type II organic matter (Fig. 3) . Whole-rock samples tend to generate higher percentages of low molecular weight compounds (C 1 -C 5 ) and alkylaromatics (Fig. 4) , whereas the equivalent kerogen pyrolysate is dominated by normal alkanes and alkenes (Fig. 4) . Ternary plots also demonstrate differences of organic facies and paraffinicity between these two materials (Figs 5 and 6). From the kinetic perspective, whole-rock samples are more refractory and heterogeneous than the kerogen (Figs 7 and 8 ). More light compounds were generated during pyrolysis from whole-rock samples, which is responsible for the higher GORs (Fig. 10) and lower cricondentherms in the phase envelopes (Fig. 11) than their kerogen counterparts.
The differences between kerogen and whole-rock pyrolysates have been discussed over decades. Saxby (1970) and Robl & Davis (1993) reported that the treatment of whole-rock by hydrofluoric acid during mineral dissolution and kerogen concentration does not change kerogen structure significantly. Differences in pyrolysate compositions have been attributed to the mineral matrix effect. This effect occurs in many open-and closed-system pyrolysis experiments including Rock-Eval (Espitalie et al. 1980 (Espitalie et al. , 1984 Senga-Makadi 1982) , pyrolysis-GC (Horsfield & Douglas 1980; Karabakan & Yürüm 1998) , bulk kinetics determination (Dembicki 1992; Burnham 1994; Pelet 1994; Dessort et al. 1997 ) and hydrocarbon expulsion efficiency calculations (Lewan et al. 2014) , and is brought about by sorption followed by catalytic thermal degradation. Because of their high surface area (Sing 1985) , clay minerals (especially smectite) have the ability to strongly adsorb pyrolysate (Espitalie et al. 1980 (Espitalie et al. , 1984 , especially the heavy compounds (Katz 1983) . Clay minerals tend to catalyse the kerogen to generate more CO 2 , light hydrocarbons and aromatic compounds (Espitalié et al. 1984; Larter 1984; Tannenbaum et al. 1986; Lu et al. 1989) . A disproportionation of hydrogen occurs in the pyrolyser, enhancing C 1 -C 5 yield while simultaneously depositing dead carbon, bringing about diminished HIs and lower yields of heavy compounds in Py-GC data, and being more refractory from a kinetic perspective. The overall outcome as far as bulk petroleum is concerned is that genetic potential is diminished (Figs 3 and 6) , inherent oil potential is lowered relative to gas and in absolute terms (Figs 5 and 10), and phase envelopes change their shape accordingly (Fig. 11) .
Sedimentological, organic petrological and stable carbon isotope studies (Armstrong et al. 1997; Fraser & Gawthorpe 2003; Könitzer et al. 2014) have shown that the upper Bowland Shale in this study is marine shale from predominantly hemi-pelagic deposition and organic matter is derived from planktonic phytoclasts. These attributes are better represented by the isolated kerogen pyrolysis data (Rock-Eval, PyGC and bulk kinetic results) than by the equivalent whole-rock data. It should be pointed out that the mineral matrix effects shown here are thought to exist only in artificial pyrolysis experiments and not during natural catagenesis. Fast heating rates, high temperatures, a dry pyrolysis environment and enhanced contact of the organic matter with minerals after grinding are considered as the main reasons that lead to the mineral matrix effect in laboratory pyrolysis (Senga-Makadi 1982; Vandenbroucke & Largeau 2007) . Another important point is that Fig. 6 . Petroleum composition predictions from PyGC results according to Larter (1984) and Eglinton et al. (1990) . Fig. 7 . Bulk kinetics models of the whole-rock samples and kerogen concentrates. not every source rock necessarily has to show this effect. Horsfield & Douglas (1980) and Katz (1983) concluded that the matrix effect varies according to mineralogy and TOC content of the rocks under investigation. A very high TOC or low clay content can decrease or prevent the effect (Reynolds et al. 1995) . Tannenbaum & Kaplan (1985) and Lewan et al. (2014) also reported that the existence of water in the pyrolysis experiments can hinder the excessive formation of coke and catalysing function of clay minerals. However, because the TOC content of Bowland Shale ranges from 1.3 to 9.1% (Gross et al. 2014) , clay contents are considered to be medium to high (USEIA 2011) and all pyrolysis experiments employed here are anhydrous systems, the mineral matrix effect is probably inevitable in the Bowland Shale pyrolysis experiments (except in those samples with TOC content higher than 6%). If whole-rock samples are used in the Bowland Shale PhaseKinetics research here, the cumulative GOR can be greatly overestimated and leads to erroneous conclusions in phase prediction and resource evaluation.
Secondary cracking
GOR-Fit was applied to kerogen 3 to explore the generation characteristics and kinetics of primary oil, primary gas and secondary gas formation. As the MSSV experiments at 5°C min −1 heating rate show, the C 6+ fraction starts to decrease at around 460°C with increasing temperature (Fig. 12) as a result of secondary cracking. The decrease of C 1+ generation and C 1-5 products after 510°C and 540°C (Fig. 12) indicates the formation of coke or pyrobitumen . Small-scale secondary cracking occurs when the temperature reaches 420°C in the MSSV, and significantly more secondary gas is formed after 460°C, where the onset of the decrease of C 6+ compounds in the MSSV occurs (Fig. 12) . The excellent identical trends of secondary gas in the MSSV and calculated secondary gas (Fig. 12) attest to the robustness of the GORFit approach.
By combining the generation spline under three heating rates (0.7, 2.0 and 5.0°C min −1 ), the kinetics of primary oil, primary gas and secondary cracking can be accurately drawn (Fig. 13) . The activation energy distribution of primary oil (Fig. 13) is very similar to the bulk kinetic distribution (Fig. 7) . Compared with primary gas, the peak activation energy of secondary gas is 10 kcal mol −1 higher, and the frequency factor is increased by 2° (Fig. 13) .
The generation rate of bulk primary hydrocarbons (SRA), primary oil, primary gas and secondary gas at a linear heating rate of 3 K Ma −1 is shown in Figure 14 . Both the primary oil and gas generation curve are within the SRA range. About 80% of the primary hydrocarbon was contributed by primary oil, and this partly explains why both the SRA and primary oil reach peak generation rates between 136 and 138°C (Fig. 14) . When the temperature has reached 150°C and the R o is 1.2% the primary gas reaches its maximum generation rate. The secondary gas generation capability of the sample is of crucial importance in shale gas potential evaluation, as seen in, for example, the Fort Worth Basin (Jarvie et al. 2007) . Much higher maturity is required to achieve the secondary gas compared with the primary gas, as the peak secondary generation temperature reaches 200°C, which is 50°C higher than that for primary gas, and vitrinite reflectance is as high as 2.0% (Fig. 14) .
Application
Primary generation
The upper Bowland Shale in well Grove 3 lies in the lower part of Namurian stage and was overlaid by the Millstone Grit. Since the target layer is very thin in the borehole, here we use Namurian layer to represent it in the 1 D basin modelling for illustrative purpose. Modelling results demonstrate that the upper Bowland Shale experienced rapid burial in the late Carboniferous and the kerogen attained about 26% TR at the end of the Carboniferous (roughly equivalent to R o 0.6%) (Fig. 15a) , when the primary generation started (Fig. 14) . During this period, the main driving force for hydrocarbon expulsion would be pressure-driven flow as kerogen Measured MSSV pyrolysis data of kerogen 3 for boiling ranges C 1+ , C 6+ and C 1-5 normalized to the maximum C 1+ yield and fitted spline curves for calculated primary and secondary gas generation using a heating rate of 5.0°C min −1 , compared with normalized SRA TR curve. degradation and rapid compaction took place (see Tissot & Welte 1984, p. 323) . Fluids generated at TR 30% fall into the one-phase field in reservoir conditions (Fig. 15c) , indicating that in situ primary hydrocarbons would exist as an undersaturated liquid in the source rock. The uplift that occurred during the late Carboniferous to early Permian not only stopped the rapid organic maturation but also changed the reservoir conditions significantly (point A has a temperature of 90°C and pressure of 186 bar, whereas the temperature and pressure of point B are 51°C and 72 bar, respectively) (Fig. 15a) . If we use 30% TR fluids to roughly represent the hydrocarbon generated at point A, it can be predicted that when petroleum in the source rock was shifted from point A to point B the decrease in temperature and pressure would cause a phase separation, and gas composition would contribute 8% in volume of the whole fluids (Fig. 15c) . This sudden gas exsolution in the very tight shale reservoir would cause an abnormal pressure in the source rock and greatly increase the expulsion efficiency (see Momper 1979) . Thus the driving force for expulsion in this period would be changed to the abnormal pressure caused by volumetric expansion induced by phase separation. Later the shale was deeply buried again between Jurassic and Cretaceous time and the TR of the organic matter became as high as 92% at a maximum burial of 2900 m (Fig. 15a) . By the end of the Mesozoic (roughly equivalent to R o 1.4%) primary generation entered its late stage (Fig. 14) . Expulsion would have been driven by continuous burial and vast hydrocarbon generation. A major uplift occurred in the Cenozoic, which again reduced the temperature and pressure of the Bowland Shale reservoir (point C has a temperature of 160°C and pressure of 283 bar, and the temperature and pressure of point D are 73°C and 187 bar). However, this time, phase separation would not be likely to occur during the uplift, when reservoir conditions of TR 90% fluids were changed from point C to point D (Fig. 15f) . Practically, if petroleum under reservoir conditions (point D in Fig.  15a and f) was produced to the surface (point E in Fig. 15a and f) a gas exsolution would occur again, and the vapour phase would hold about 25% of the total fluid (Fig. 15f) .
In the combination of burial history and phase properties of hydrocarbons generated in geological time, different dominant expulsion driving forces can be proposed and the surface GOR can be assessed. Different expulsion driving forces and mechanisms lead to varying expulsion efficiency and define the amount and property of the unconventional resource left in the source rock. Although only primary hydrocarbon is addressed here, any further secondary cracking, migration or biodegradation would act upon this first-formed composition. The produced GOR prediction is very important in oilfield strategy decision-making, because different fluids vary in terms of economic perspective and engineering requirement. Unfortunately, there are no production data for this well to verify the phase prediction results. Nevertheless, this systematic approach including hydrocarbon composition simulation, phase variation prediction and basin modelling application could be a new approach in unconventional system production prediction and resource evaluation.
Secondary cracking
Kinetics results shown in Figure 13 can be converted as a kerogenoil-gas kinetics input model in the basin modelling software, thus gas generated under secondary cracking by upper Bowland Shale in well Grove 3 can be simulated (Fig. 16a) . The maximum generation of secondary gas is 151169 tons km −2 (Table 2 ) and about 90000 tons in the area (Fig. 16a) ; however, if a default kerogenoil-gas kinetics model developed by (Quigley et al. (1987) is Fig. 13 . Kinetics models of primary oil, primary gas and secondary gas generation of kerogen 3. applied, the secondary gas products are predicted to be only 30492 ton km −2 (Table 2 ) and about 20000 tons in the area (Fig. 16b) . A more comprehensive comparison of maximum secondary gas generation in Grove 3 predicted by kinetics developed in this study and in nine other type II source rock default kinetics models (Quigley et al. 1987 , Ungerer 1990 Waples et al. 1992; Pepper & Corvi 1995; Behar et al. 1997; Dieckmann et al. 1998; Abu-Ali et al. 1999; Vandenbroucke et al. 1999; Dieckmann et al. 2000) indicates that the result can vary enormously ( Fig. 17 ; Table  2 ). A maximum secondary generation of 226920 ton km −2 predicted by (Waples et al. 1992 ) is more than 70 times larger than the result of the Burnham & Sweeney (1989) model, which is only 3182 ton km −2 ( Fig. 17 ; Table 2 ). Relatively speaking, the secondary kinetics model developed in this study provides a moderately high production of secondary gas and shares many similarities with the prediction of the Pepper & Corvi (1995) model ( Fig. 17 ; Table 2 ). It should be noted that the vitrinite reflectance of upper Bowland Shale in well Grove 3 is only 1.4%, which implies that the shale experienced only a low degree of secondary cracking. Thus more significant differences in secondary gas predictions must exist in higher maturity areas when different kinetics models are applied in basin modelling. Kinetics parameters define in which period of secondary cracking the shale is; for example, a certain maturity may be in the beginning of secondary cracking in one kinetics model but in peak generation in another model. Every target source rock must be approached with a unique secondary kinetics model; huge errors might be induced if default models are selected, and this factor plays a very important role in shale gas in-place assessment.
Conclusions
Although the mineral matrix effect is a laboratory-induced artefact and may not occur for every shale, the three Bowland Shale samples studied here showed this effect strongly. If whole-rock samples are used in pyrolysis experiments instead of kerogen concentrates, the hydrocarbon generation potential as defined by HI is underestimated, the bulk kinetic parameter indicates higher thermal stabilities, and the inferred natural GOR is overestimated.
The three upper Bowland Shale samples are immature (equivalent R o less than 0.5%) marine shales and comprise type II kerogen. Kerogens generate pyrolysates diagnostic of paraffinic-naphthenicaromatic oil with low content of wax and sulphur. The bulk kinetic frequency factors range from 1.54 × 10 13 to 2.42 × 10 13 and main activation energies range from 50 to 53 kcal mol −1 . All these characteristics of Bowland Shale are similar to those of productive Palaeozoic marine shale in the USA such as the Bakken, Barnett and Woodford shales.
The Bowland Shale possesses a high secondary gas generation potential and primary oil, primary gas and secondary gas reach their maximum generation at 137°C, 150°C and 200°C respectively in geological time.
In the combination of phase properties and burial history, different driving forces of expulsion can be proposed and the produced GORs are predicted. Expulsion efficiency varies with the organic maturity and reservoir conditions, and the amount and properties of the unconventional resource left in the source rock change accordingly.
Vast differences can be found in secondary gas amount prediction when varying default kinetics models are chosen, which emphasizes the significance of a targeted secondary kinetics model in shale gas resource basin modelling evaluation. The maximum secondary gas generation per km 2 of upper Bowland Shale in well Grove 3 when secondary kinetics of the present study was applied as well as the predictions from 9 other default kerogen-oil-gas kinetic models in PetroMod 2013.
